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Nanophotonic devices seek to generate, guide, and/or
detect light using structures whose nanoscale dimensions
are closely tied to their functionality.1,2 Semiconducting
nanowires, grown with tailored optoelectronic properties,
have been successfully placed into devices for a variety
of applications.3–5 However, the integration of photonic
nanostructures with electronic circuitry has always been
one of the most challenging aspects of device develop-
ment. Here we report the development of rewritable
nanoscale photodetectors created at the interface between
LaAlO3 and SrTiO3. Nanowire junctions with charac-
teristic dimensions 2-3 nm are created using a reversible
AFM writing technique.6,7 These nanoscale devices exhibit
a remarkably high gain for their size, in part because of
the large electric fields produced in the gap region. The
photoconductive response is gate-tunable and spans the
visible-to-near-infrared regime. The ability to integrate
rewritable nanoscale photodetectors with nanowires and
transistors in a single materials platform foreshadows new
families of integrated optoelectronic devices and applica-
tions.
The discovery of a quasi two-dimensional electron gas (q-
2DEG) at the interface between insulating oxides8 has ac-
celerated interest in oxide-based electronics.9 The interface
between LaAlO3 and SrTiO3 undergoes an abrupt insulator-
to-metal transition as a function of the number of LaAlO3
layers;10 for structures at or near the critical thickness (dc =
3 unit cells), the conductance becomes highly sensitive to
applied electric fields.10 By applying the electric field lo-
cally using a conducting AFM probe, one can control this
metal-insulator transition with resolution approaching one
nanometer.6,7 Devices such as rectifying junctions11 and
transistors7 can be created, modified, and erased with extreme
nanoscale precision. Additionally, as LaAlO3 and SrTiO3 are
both wide-bandgap insulators they are essentially transparent
at visible wavelengths, making it an interesting material sys-
tem on which to search for photonic functionality.
In this letter we demonstrate the creation of nanophotonic
devices at the LaAlO3/SrTiO3 interface using conducting-
AFM lithography (Figure 1a). Oxide heterostructures, con-
sisting of 3 units cells of LaAlO3 on TiO2-terminated SrTiO3
(ref. 12), are grown by pulsed-laser deposition (see the Sup-
plementary Information for details about growth conditions).
Following contact to the interface with low-resistance Au
electrodes, nanostructures are created at the LaAlO3/SrTiO3
interface by applying positive voltages to a conducting AFM
tip. Nanoscale insulating gaps are formed by “cutting” these
nanowires with a negatively-biased AFM tip that passes over
the nanowire. Electronic nanostructures can be created with a
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Figure 1. Diagram of sample and photoresponse. a, A schematic
illustrating how a conducting atomic force microscope (AFM) tip
writes a nanowire. b, Photocurrent vs. VSD with (closed symbols)
and without (open symbols) laser illumination. I = 0.5 mW/cm2 and
λ =633 nm. T = 300 K.
high degree of precision and, furthermore, are relocatable and
reconfigurable.
The nanostructures are characterized by applying a volt-
age bias to a “source” electrode (VSD) and then measuring
the current from a “drain” electrode (ID). Optical proper-
ties are measured by illuminating the sample with laser light;
when the light overlaps with the device a sharp increase in the
conductance is observed. A small, persistent photoconduc-
tive effect is observed under continuous illumination (Supple-
mentary Figure 4). These background effects are removed by
modulating the laser intensity at frequency fR using an opti-
cal chopper. The resulting photocurrent, iγ, is detected with a
lock-in amplifier at fR. Figure 1b shows a typical photocurrent
response as a function of VSD. The photoconductive proper-
ties of these nanodevices are mapped spatially using scanning
photocurrent microscopy (SPCM).13 A microscope objective
(NA = 0.13 or 0.73) mounted to a closed-loop, three axis
piezo scanner focuses the light and raster-scans it relative to
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2the sample surface. The resulting photocurrent is measured
as a function of laser position. To maximize nanostructure
lifetimes,7 measurements are performed in a vacuum of < 1
mbar. To reduce the signal from thermally-activated carriers,
some experiments are performed in a continuous-flow cryostat
at T = 80 K.
The photosensitivity of the devices written at the
LaAlO3/SrTiO3 interface is spatially localized near the gap re-
gions. An SPCM image of the photocurrent between two elec-
trodes that do not have a device written between them shows a
spatially diffuse photocurrent of less than 2 pA (Figure 2a and
Supplementary Figure 6). The simplest nanophotonic device
consists of a nanowire with a narrow gap or junction. This de-
vice is created by first writing the wire with an AFM tip bias of
Vtip = +10 V, producing a nanowire with width ww = 2.5 nm
(Supplementary Figure 1); the junction is created by cross-
ing the wire with Vtip = −10 V, producing a gap with com-
parable width w j = 2.5 nm. The nanowire junctions can be
deterministically placed with nanometer-scale accuracy. The
SPCM image shows localized photocurrent (λ = 633 nm and
T = 300 K) detected in the region of the junction (Figure
2b). The devices are erasable and reconfigurable: after mea-
suring the device shown in Figure 2b, the device was erased
and a new device was created farther from the electrodes (Fig-
ure 2c). The photosensitivity of these devices can be optically
modulated at frequencies as high as 3.5 kHz and the response
appears to be limited by the RC time constant of the device
(see the Supplementary Information).
More complex devices are readily created: a nanowire
junction array (Figure 2d) consisting of seven parallel wires
spaced 2 µm apart is drawn between the source and drain elec-
trodes. The nanowires are subsequently cut in a single stroke
using a tip bias of Vtip = −10 V, creating neighboring junc-
tions of width w j = 2.5 nm. The resulting photocurrent image
shows the expected stripe shape, demonstrating that the pho-
tocurrent signal originates from all of the gaps. Even though
the focused spot size (∼ 0.5 µm) is smaller than the line spac-
ing, the individual junctions are not separately distinguished.
The photocurrent at the interior junction is suppressed com-
pared to the outermost junctions due to the electrical screening
by the nanowires. This result indicates how carrier diffusion
away from the junctions can also contribute significantly to
the overall photocurrent response. The extent of the photo-
conductive spatial sensitivity appears to be of the order of the
spacing in this case (∼ 2 µm).
The functionality of these devices can be extended by
adding an independent gate electrode. Here, we adopt a ge-
ometry previously investigated as a nanoscale transistor, i.e.,
a “SketchFET”7. The “gate” electrode is written perpendicu-
lar to the existing source-drain nanowire (Supplementary Fig-
ure 2). This bias VGD can be used to modify the source-drain
conductance, enabling conduction between source and drain
for positive VGD and inhibiting it for negative VGD. As for the
two-terminal wire with junction, photocurrent that is spatially
localized near the junction is observed where the device was
written (Figure 3a). A simultaneously acquired laser reflectiv-
ity image (Figure 3b) does not show any observed signature of
the nanophotonic detector, such as changes in the absorption
or scattering, which is also the case for two-terminal devices.
SPCM images are acquired for an array of source and gate
biases, −5 V ≤ VSD,VGD ≤ +5 V (Supplementary Figure 5).
The photocurrent, measured as a function of VSD and VGD
(Figure 3c.) exhibits a polarity that is always the same sign as
the VSD, irrespective of VGD, indicating that there is negligible
leakage current from the gate to the drain. Furthermore, the
photocurrent is suppressed when both VSD is positive and VGD
is negative, demonstrating the ability of the gate electrode to
tune the photoconductivity in the source-drain channel.
To investigate the wavelength dependence of these devices,
a pulsed, mode-locked Ti:Sapphire laser is focused into a pho-
tonic crystal fiber to provide tunable laser illumination over
the continuous wavelength range 600− 1000 nm (ref. 14). As
the white light source power varies with wavelength (Supple-
mentary Figure 8) the normalized responsivity of the device
(iγ/P, where P is the laser power) is shown over this wave-
length range (Figure 4). Data points in the vicinity of the
pulsed laser source (λ = 780 nm) are not shown because of
the high peak power and nonlinear effects in the sample (Fig-
ure 5). The spectral response is sensitive to VSD and VGD.
At positive VSD the photodetector response red-shifts as the
gate bias is increased. The tuning of the responsivity is en-
hanced for positive VSD, which is consistent with the behavior
demonstrated in Figure 3. Measurements taken as a function
of temperature (Supplementary Figure 9) show a slight red-
shift with increasing temperature.
In addition to the supercontinuum white light source, the
optical response is measured at a number of fixed wavelengths
ranging from the visible to near-infrared: 532 nm, 633 nm,
735 nm, 1260 nm, and 1340 nm. The response at these wave-
lengths is consistent with the supercontinuum measurement
in the range 600−1000 nm (Figure 5a). Remarkably, the pho-
tosensitivity extends to 1340 nm, the longest wavelength in-
vestigated. A three-terminal device has similar tuning be-
havior from VSD and VGD at 1340 nm and at visible wave-
lengths (Supplementary Figure 7). The intensity dependence
of the photocurrent exhibits power-law behavior (Figure 5b),
iγ = AIm, where iγ is the photocurrent, A is a proportionality
constant, I is the laser intensity, and m ∼ 1.2−1.4. The super-
linear scaling with laser intensity is similar to other systems
that are near a metal-insulator transition.15,16
There are several possible mechanisms for the photocon-
ductivity. The direct and indirect bandgaps of SrTiO3 (3.75
eV and 3.25 eV, respectively17) are too large to explain the
visible to near-infrared photoresponse. Above-band pho-
toexcitation of SrTiO3 can produce excitonic luminescence
at visible wavelengths, indicating the existence of mid-gap
states.18–20 The most readily formed mid-gap states are asso-
ciated with oxygen vacancies, which are known to form dur-
ing substrate preparation12,21,22 and growth of LaAlO3/SrTiO3
heterostructures.23–26 Localized states just below the conduc-
tion band have been probed via transport in SrTiO3-based
field-effect devices.27 Unintentional doping of SrTiO3 sub-
strates (e.g, Cr, Fe, or Al) can also contribute states within
the bandgap.28
Electrons occupying mid-gap states can be optically excited
into the conduction band using sub-bandgap light. The pho-
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Figure 2. Scanning photocurrent microscopy (SPCM) images of various nanostructures written at the LaAlO3/SrTiO3 interface. Images
are 50×50 µm2. Dashed lines indicate boundaries of areas where electrical contact is made to the LaAlO3/SrTiO3 interface; solid lines indicate
the locations of nanowires. a, SPCM image of area before any nanostructures are written. b, SPCM image for a nanowire junction written
close to a pair of electrodes. c, SPCM image formed after erasing the previous nanowire and writing a second nanowire junction from the
electrodes. d, SPCM image for a set of seven parallel wires with adjacent w j = 2.5 nm gaps; the separation between each wire is 2 µm. a, b,
I ∼ 2.5 kW/cm2, VSD = 0.5 V. c, d, I ∼ 3.8 kW/cm2, VSD = 0.1 V. T = 300 K.
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Figure 3. Three-terminal, nanoscale, locally gateable photodetec-
tor. a, SPCM image at VSD,VGD = +10 V and b, simultaneously
acquired reflectivity image. The dashed lines show outline of elec-
trodes and solid lines represent nanostructures written with an AFM.
Both the nanowire widths and gap separations are exaggerated for
clarity. Scan size is 50 × 50 µm2. c, Photocurrent as a function of
VSD and VGD. d, Photocurrent as a function of VSD plotted for differ-
ent values of VGD. I ∼ 18 W/cm2. T = 80 K.
toexcited electrons are swept across the junction by the large
electric field (E = VSD/w j ∼ 100 MV/cm), resulting in pho-
tocurrent. The spectral sensitivity we observe (Figures 4, 5,
and Supplemental Figure 9) is consistent with previous opti-
cal measurements on oxygen vacancy-rich samples.21,22,24,26
Along the nanowire and sufficiently far from the gap, photo-
induced current is negligible because the electric fields are
screened or otherwise sufficiently small.
The rewritable photodetectors presented here bring new
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Figure 4. Gate-controlled spectral response of photodetector.
Photocurrent as a function of λ and VGD for VSD = +3 V (top) and
VSD = −3 V (bottom). T = 300 K.
functionality to oxide nanoelectronics. For example, exist-
ing nanowire-based molecular sensors29 rely on the ability to
bring the analyte into contact with the sensing area of the de-
tector. Here the roles are reversed: a nanoscale photodetector
can be placed in intimate contact with an existing molecule or
biological agent. The ability to integrate optical and electri-
cal components such as nanowires and transistors may lead to
devices that combine in a single platform sub-wavelength op-
tical detection with higher-level electronics-based information
processing.
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Figure 5. Spectral sensitivity and intensity dependence from visi-
ble to near-infrared wavelengths. a, Responsivity of photodetector
from 532 nm to 1340 nm. b, Photocurrent versus optical intensity for
different laser wavelengths. Symbols are data and lines are fits. The
inset shows the power-law exponent m as a function of wavelength.
VSD = 2 V and VGD = 0 V. T = 80 K.
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MATERIAL GROWTH AND DEVICE PREPARATION
Oxide heterostructures are grown by pulsed laser deposition with in situ high pressure RHEED. Low miscut (∼ 0.05◦) (001)
SrTiO3 substrates are treated by a modified BHF etch and annealed in oxygen at 1000◦C for 2 hours to produce a TiO2-terminated
and atomically smooth surface with single unit cell (uc) steps, as verified by AFM inspection. Thin (3 uc) layers of LaAlO3 are
deposited on SrTiO3 at a temperature of 550 − 600◦C and oxygen pressure of 10−3 mbar. A laser with energy density of 2 J/cm2
and repetition rate of 3 Hz is used to ablate the LaAlO3 single crystal target.
In order to probe the interface of LaAlO3 and SrTiO3, low-resistance electrodes are contacted directly to the q-2DEG. Argon
ion beam etching is used to mill 25 nm deep into the SrTiO3. Electrodes are then formed by first sputter-depositing a 2 nm Ti
adhesion layer followed by 23 nm of Au into the etched region.
Wires with width ww ∼ 2.5 nm are written using an Asylum MFP-3D AFM in contact mode. A positive bias voltage applied
to the tip creates conducting nanoregions directly below the AFM tip, while negative voltages locally restore the insulating state.
Nanostructures are created under normal atmospheric conditions at room temperature; the AFM is kept in a dark environment
to suppress photoconduction in the SrTiO3 substrate (Eg = 3.2 eV). The conductivity of the q-2DEG is monitored with a
Keithley picoammeter while writing: when the wire is connected to both electrodes, a sharp increase in conductance is observed.
Similarly, the conductance is monitored while cutting a wire. The distance over which the conductance drops is used to quantify
the wire width6, as shown in Supplementary Figure 1. Writing and erasing of nanowires is reproducible for a given tip bias and
oxide heterostructure.
OPTICAL MODULATION
The photosensitivity of these devices can be optically modulated at frequencies as high as 3.5 kHz, as shown in Supplementary
Figure 4. The phase of the photocurrent is constant over the frequency range probed while under illumination (ie, the “on” state).
In this case the light lowers the resistance of the detector. The frequency response of the device is limited by the RC time constant
of the junction. When the laser light is blocked (“off”), the detector is in a high resistance state. In the off state we observe a
phase shift as the frequency is increased (Supplementary Figure 4), indicating we are indeed limited by the resistance.
SCANNING PHOTOCURRENT MICROSCOPY IMAGE ANALYSIS
In order to extract a value for the photocurrent from a SPCM image, the image is fit to a two-dimensional Gaussian of the
form
f (x, y) = A0 + A1 exp
{
(x − x0)2 /2σ2x + (y − y0)2 /2σ2y
}
,
where A0 is the image offset, A1 is the amplitude of the 2D peak, x0 and y0 are the peak offsets, and σx and σy are the peak
widths. We then define the photocurrent as iγ = A1 − A0.
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Supplementary Figure 1. Width of wire. Width of wire is determined by moving a reverse-biased tip across the wire while monitoring the
conductance. The change in conductance is fitted to the function G(x) = G0 + G1 tanh (x/h). Also plotted is the deconvolved differential
conductance (dG/dx)∗−1, from which we determine the width of the nanowire.
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Supplementary Figure 2. Nanophotonic detector geometry. Typical geometry used for three-terminal devices. The source-drain junction
width w j is on the order of the size of the wire width, ww = 2.5 nm. The gate electrode is positioned 50 nm from the source-drain wire. The
“T” shape helps ensure a uniform electric field from the gate at the site of the junction.
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Supplementary Figure 3. DC current vs. time. a, DC current ID plotted as a function of VSD. Each curve is taken at a different time after
turning on the laser illumination (λ = 633 nm, I = 0.25 mW/cm2). b, c, DC current as a function of time after laser is turned on (b) and off (c).
Each curve represents a different VSD. T = 300 K.
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Supplementary Figure 4. Switching photosensitivity vs. frequency. a, Photocurrent versus time. Light that is initially on is blocked at t = 20
s and finally unblocked at t = 40 s. The light is intensity modulated by an optical chopper. Two modulation frequencies are shown: fR = 150
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Supplementary Figure 6. Nanophotonic device linecuts. a, b Linecuts for the SPCM images shown in Figures 2a and b, respectively. The
green curves (open symbols) show the signal away from the device while the red curves (closed symbols) show linecuts through the device.
For the case where there is no device written (a), the red curve is drawn between the two electrodes that were used to measure the photocurrent.
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taken at T = 80 K.
30
25
20
15
10
5
0
po
we
r (
µW
)
1000900800700600
wavelength (nm)
Supplementary Figure 8. Supercontinuum laser power vs. wavelength. Supercontinuum light is generated by focusing a pulsed, mode-
locked Ti:Sapphire laser (λ = 780 nm, δtpulse = 150 fs, P = 0.5 W) into a photonic crystal optical fiber. After exiting the fiber the light is
filtered by a linear tunable bandpass filter mounted on a motorized linear translation stage.
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Supplementary Figure 9. Temperature dependence of spectral sensitivity. Photocurrent plotted as a function of wavelength at different bias
conditions. a, T = 80 K, VSD = +5 V. b, T = 300 K, VSD = +5 V. c, T = 80 K, VSD = −5 V. d, T = 300 K, VSD = −5 V. Laser power is shown
in Supplementary Figure 8.
